INTRODUCTION
The protist parasite Trypanosoma brucei is the causative agent of African trypanosomiasis in man (also known as sleeping sickness) and nagana in cattle. T. brucei cycles between the tsetse fly (its insect vector) and its intermediate mammalian host. The main lifecycle stages used in the laboratory are the procyclic form (PCF), typically found in the fly mid-gut, and the bloodstream form (BSF) that lives in the mammalian blood or lymphatic system (Matthews, 2005) .
As an extracellular parasite, T. brucei is constantly exposed to the host immune system and has, therefore, developed multiple ways to evade the immune response. One means of immune evasion is the continuous and very rapid uptake of surface-bound antibodies. Antibodies that have attached to the variable surface glycoprotein (VSG) are rapidly and selectively swept towards the flagellar pocket, a small invagination of the plasma membrane near the posterior of the cell, where the flagellum exits the cell. This sweeping towards the flagellar pocket is thought to occur by the hydrodynamic flow of the extracellular medium over the cell surface as the cell moves forward by the beating of the flagellum. Selectivity is imparted by the fact that the antibodies that are bound to the VSG act as molecular 'sails', which result in very rapid and preferential movement of the antibody-VSG complex towards the flagellar pocket. After endocytosis and processing in the endosomes, the VSG is recycled back to the plasma membrane, whereas the antibodies are delivered to the lysosome and degraded (Engstler et al., 2007; Engstler et al., 2004) . Thus, endocytosis is essential to this parasite, not only for nutrient uptake but also for survival in a hostile environment. In fact, BSF cells have one of the highest rates of endocytosis of any known eukaryote . Endo-and exocytosis take place exclusively in the flagellar pocket in T. brucei (Allen et al., 2003; Engstler et al., 2004; Overath and Engstler, 2004) .
Endocytosis is strictly clathrin-dependent in both procyclic and bloodstream T. brucei (Allen et al., 2003; Hung et al., 2004) . Clathrin-mediated endocytosis has been observed in all complex eukaryotes, where it plays a role in a wide variety of cellular functions, such as nutrient uptake, regulation of protein abundance at the cell surface, cellular signaling and the uptake of surface components destined for degradation or recycling. Clathrin-mediated endocytosis is a multistep process comprising nucleation, cargo selection, coat assembly, scission and uncoating (McMahon and Boucrot, 2011) . At least in mammalian cells, all these steps are crucially dependent on phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], a phosphoinositide that is concentrated in the plasma membrane, and all endocytic clathrin adaptors, and most of the other membrane-associated factors that participate in this process, bind to this phosphoinositide (McLaughlin and Murray, 2005; Di Paolo and De Camilli, 2006) . For example, PI(4,5)P 2 recruits the clathrin-coat nucleation factors, such as the FCH-domain-only (FCHO) proteins 1 and 2, to the cytoplasmic leaflet of the plasma membrane (Henne et al., 2010; Mulkearns and Cooper, 2012; Stimpson et al., 2009) . PI(4,5)P 2 also localizes the adaptor protein 2 complex (AP2), which is involved in cargo selection, to clathrin-coated pits (Collins et al., 2002; Gaidarov and Keen, 1999; Kelly et al., 2008) . PI(4,5)P 2 also interacts with AP2 accessory proteins -such as those containing the AP180 Nterminal homology (ANTH) domain or the epsin N-terminal homology (ENTH) domain, which have roles in membrane binding and membrane bending, respectively (Ford et al., 2002; Ford et al., 2001) . After cargo capture, AP2, together with several accessory proteins, recruits clathrin to the membrane and clathrincoated vesicles are formed (Dell'Angelica et al., 1998; Edeling et al., 2006a; Edeling et al., 2006b; ter Haar et al., 2000; Knuehl et al., 2006) . To complete scission of the budding vesicles, dynamin must be recruited to the neck of clathrin-coated pits, and this recruitment requires the interaction of its pleckstrin homology (PH) domain with PI(4,5)P 2 (Achiriloaie et al., 1999; Hinshaw and Schmid, 1995; Kosaka and Ikeda, 1983; Sweitzer and Hinshaw, 1998) . Eventually, after fission of the endocytic pit, dephosphorylation of PI(4,5)P 2 by inositol 5-phosphatases is required for coat shedding (Cremona et al., 1999; Milosevic et al., 2011) . Acute depletion of PI(4,5)P 2 in mammalian cells results in a complete arrest of clathrin-mediated endocytosis, highlighting the physiological importance of these interactions (Zoncu et al., 2007) . The generation of PI(4,5)P 2 is, therefore, a key step that is required for clathrin-mediated endocytosis.
The majority of PI(4,5)P 2 in mammalian cells is synthesized by phosphorylation of phosphatidylinositol 4-phosphate (PI4P) at the 5 position of the inositol ring by one of three isoforms of type I phosphatidylinositol phosphate (PIP) kinases: a, b or c (Ishihara et al., 1996; Ishihara et al., 1998; Loijens and Anderson, 1996) , and these kinases have been implicated in the generation of the pools of PI(4,5)P 2 that are responsible for clathrin-mediated endocytosis (Krauss et al., 2003; Krauss et al., 2006; Thieman et al., 2009; Wenk et al., 2001) . Alternatively, PI(4,5)P 2 can also be generated by phosphorylation of phosphatidylinositol 5-phosphate (PI5P) at the 4 position by type II PIP kinases (Fruman et al., 1998; Carricaburu et al., 2003; Doughman et al., 2003) .
Given the essential role of endocytosis in T. brucei, we investigated the degree of conservation of the machinery that is required for clathrin-coated vesicle formation. AP2 has not been identified in the T. brucei genome, and dynamin, though present, does not appear to be involved in endocytosis (Berriman et al., 2005; Chanez et al., 2006; Morgan et al., 2004) . However, one ENTH domain protein that might bind to PI(4,5)P 2 is present in T. brucei (TbEpsinR; Gabernet-Castello et al., 2009) . We, therefore, investigated the generation of PI(4,5)P 2 in T. brucei and asked whether, and to what extent, it is involved in endocytosis. Here, we identify a novel protein with PIP kinase activity in T. brucei (TbPIPKA); we show that it only localizes to the neck of the flagellar pocket and that its product PI(4,5)P 2 is only present in the flagellar pocket membrane and not in the contiguous outer plasma membrane. Depletion of TbPIPKA leads to a reduction of PI(4,5)P 2 levels and enlargement of the flagellar pocket with consequent inhibition of endocytosis. We, therefore, not only demonstrate a requirement for PI(4,5)P 2 in endocytosis in T. brucei but also in the homeostasis of the flagellar pocket.
RESULTS
The T. brucei genome encodes three putative PI4P 5-kinase orthologues Tb427.04.1620, Tb427.10.3890 and Tb427.10.4770 are annotated in the T. brucei genome as PIP kinases (Aslett et al., 2010) . To explore the degree of conservation of primary structure of these three T. brucei proteins, a multiple sequence alignment was performed. Their predicted catalytic lipid kinase domains were aligned against the catalytic domains of Saccharomyces cerevisiae ScMss4p (a PI4P 5-kinase) and human HsPIPKIa and HsPIPKIIa (Fig. 1) . The alignment shows strong sequence conservation (gray background) for all three putative PIP kinases. Importantly, many residues that are implicated in ATP-binding (red background), as well as in catalytic activity (green background), are conserved. Tb427.04.1620 shares an amino acid sequence identity of 37%, 43% and 38% with ScMss4p, HsPIPIa and HsPIPKIIa, respectively. The corresponding amino acid sequence similarities are 53%, 46% and 45%. In this paper, we have focused on Tb427.04.1620 because this yielded the most interesting pattern of localization and refer to it throughout as TbPIPKA (see Discussion).
TbPIPKA has PIP kinase activity
To test whether TbPIPKA has PI4P 5-kinase activity, a stable procyclic cell line that expressed a Ty1-tagged TbPIPKA fusion protein under an inducible promoter was generated. Cells were grown for 15 h in the absence or presence of 7.5 ng/ml or 100 ng/ ml doxycycline. Immunoblots of T. brucei cell lysates using antibodies against Ty1 confirmed the increased expression of Ty1-TbPIPKA ( Fig. 2A) . We next determined whether exogenous expression of Ty1-TbPIPKA increased the production of PI(4,5)P 2 . Anionic lipids were extracted and subjected to a conductivitydetection-based high-pressure liquid chromatography (HPLC) analysis, which allows separation of mono-and di-phosphorylated phosphatidylinositol (PIP and PIP 2 , respectively) (Nasuhoglu et al., 2002) . The amounts of PIP 2 and PIP, are expected to reflect primarily PI(4,5)P 2 and PI4P, respectively, because these two phophoinositides typically represent the most abundant PIP 2 and PIP species (Di Paolo and De Camilli, 2006) . These were measured and their ratio determined (Fig. 2B ). In the absence of doxycycline, the basal value of PIP 2 :PIP was 0.36, representing, presumably, the activity of endogenous PIP kinases. Induction of Ty1-TbPIPKA with 7.5 ng/ml doxycycline increased the PIP 2 :PIP ratio to 0.55, whereas 100 ng/ml doxycycline increased the ratio to 2.2 (Fig. 2B) . Superimposition of the HPLC profiles of the control samples with those of samples that had been induced with 100 ng/ml doxycycline showed that the increase in the PIP 2 :PIP ratio was owing to raised PIP 2 [PI(4,5)P 2 )] levels at the expense of the PIP precursor (PI4P) (Fig. 2C) .
Knockdown of TbPIPKA in PCF and BSF cells
In order to study the effects of TbPIPKA depletion, cell lines in which RNA interference (RNAi) against TbPIPKA could be induced were generated using both PCF and BSF cells. The expression of TbPIPKA was silenced by the induction of doublestranded RNA upon the addition of doxycycline.
For both cell lines, growth slowed after a day and stopped after 5 days (Fig. 3A) . To measure the effect of TbPIPKA depletion on the cell cycle, the number of kinetoplasts (mitochondrial DNA) and nuclei were counted. At the start of the cell cycle, which generally takes about 9 h to complete in the PCF and BSF, cells have one nucleus and one kinetoplast. The kinetoplast duplicates first and segregates, resulting in cells harboring one nucleus and two kinetoplasts. The nucleus divides later giving rise to cells with two nuclei and two kinetoplasts. Cytokinesis then generates two daughter cells that, again, have one nucleus and one kinetoplast. If, however, the cell cycle is affected, abnormal DNA states, such as two nuclei and one kinetoplast, one nucleus and no kinetoplasts or zoids (no nucleus and one kinetoplast), can occur.
TbPIPKA RNAi cells were induced for up to 3 days and samples were taken after 2 or 3 days from control and TbPIPKAdepleted cells. No changes in the cell-cycle stages were observed. Moreover, none of the abnormal cell-cycle stages accumulated in TbPIPKA-depleted cells (Fig. 3B) . These data suggest a homeostatic effect of TbPIPKA depletion on cell growth.
To determine the efficiency of TbPIPKA knockdown, RNA was prepared from control and TbPIPKA-depleted cells after 3 days. Depletion of TbPIPKA in PCF and BSF cells resulted in downregulation of the TbPIPKA mRNA levels by 67% and almost 100%, respectively (Fig. 3C) .
To assess the production of PI(4,5)P 2 after TbPIPKA depletion, lipids from control and TbPIPKA-depleted cells were extracted after 3 days and subjected to HPLC analysis. Depletion of TbPIPKA resulted in the reduced production of PI(4,5)P 2 , as shown by the decrease in PIP 2 :PIP ratio compared to that of control cells (0.26 versus 0.17) (Fig. 3D) . Together with the overexpression studies, these data strongly suggest that TbPIPKA has PI4P 5-kinase activity. 10 cells and subjected to HPLC analysis. The peak area ratio of PIP 2 to PIP was calculated and an increase in the PIP 2 :PIP ratio was observed following increased expression of Ty1-TbPIPKA. The basal ratio in the absence of doxycycline is likely caused by the activity of endogenous PIP kinases. Results are presented as the mean of three independent experiments6s.e.m. (C) Overlaid output traces obtained during HPLC analysis of lipids from cells that had been transfected with pLew-Ty1-TbPIPKA growing in the absence (2Dox) or presence (+Dox) of 100 ng/ml doxycycline. Note that the increase in PIP 2 is accompanied by a decrease in PIP, suggesting that Tb427.04.1620 is a PIP kinase.
TbPIPKA localizes to the neck of the flagellar pocket
To characterize the subcellular localization of TbPIPKA, in both PCF and BSF cells, one allele of TbPIPKA was endogenously replaced with another that encoded TbPIPKA that was tagged with yellow fluorescent protein (YFP). The location of marker proteins is shown in Fig. 4A . The flagellum originates from the basal bodies at the base of the flagellar pocket and emerges through the neck of the flagellar pocket (Lacomble et al., 2010) . The flagellar membrane is continuous with the flagellar pocket membrane and the plasma membrane of the cell (Lacomble et al., 2009 ). The flagellum stays attached to the cell body along the entire posterior to anterior axis through punctate transmembrane junctions, which are part of a cytoskeletal structure that is termed the flagellum attachment zone (Bastin et al., 2000) . The flagellar pocket collar demarcates the flagellar pocket (Gull, 2003) and is marked by TbBILBO1, which is required for flagellar pocket biogenesis (Bonhivers et al., 2008) . Between the flagellar pocket collar and the solvent-exposed plasma membrane lies the so-called flagellar pocket neck region (Henley et al., 1978) . A multi-protein cytoskeletal structure termed the bilobe is located above the flagellar pocket collar (Esson et al., 2012; He et al., 2005; Morriswood et al., 2013; Morriswood et al., 2009) and is marked by TbMORN1, LRRP1 and TbCentrin4. However, their localization patterns do not overlap, indicating distinct subdomains. The TbMORN1 and LRRP1 subdomain is shaped like a fish-hook, the posterior part of which encircles the flagellar pocket neck, above the flagellar pocket collar, and partially overlaps with the posterior tip of the flagellum attachment zone. TbCentrin4 is found parallel to the anterior stem of the TbMORN1 structure (Esson et al., 2012) .
YFP-TbPIPKA localized to a discrete structure between the nucleus and the kinetoplast in both lifecycle stages ( Fig. 4B,C ; supplementary material Fig. S1 ). In PCF cells, YFP-TbPIPKA was generally seen as a rod-shaped structure (Fig. 4B ), whereas in BSF cells, YFP-TbPIPKA appeared in a more rounded form (Fig. 4C ). YFP-TbPIPKA did not overlap with labeling with rhodamine-concanavalin-A (ConA, which labels the flagellar pocket) but did localize next to the flagellar pocket, towards the anterior end (Fig. 4Ba ,Ca). YFP-TbPIPKA localization did partially overlap with the TbMORN1-labeled arm of the bilobe (Fig. 4Bb ,Cb) and was found adjacent to the TbCentrin4 subdomain of the bilobe in PCF and BSF cells (Fig. 4Bc,Cc) . Furthermore, YFP-TbPIPKA did not overlap with the flagellar pocket collar that was labeled for TbBILBO1 (Fig. 4Bd, Cd) and was detected next to the posterior tip of the flagellum attachment zone in PCF (Fig. 4Be ) and BSF cells (Fig. 4Ce) .
Taken together, these results suggest that YFP-TbPIPKA is, mostly, located close to the TbMORN1 subdomain of the bilobe and near to the posterior tip of the flagellum attachment zone. (2Dox) and inducedRNAi (+Dox) from PCF and BSF cells were taken after 2 and 3 days. Nuclear (N) and kinetoplast (K) DNA was labeled with DAPI to determine the cell cycle state. At least 300 cells were analyzed for each timepoint across three independent experiments. Values are mean6s.e.m., n53. 1N1K, one nucleus, one kinetoplast etc. (C) TbPIPKA mRNA depletion following induction of RNAi. RNA was isolated from PCF (top panel) and BSF (bottom panel) cells after growth in the absence or presence of 100 ng/ml doxycycline for 3 days. Tubulin served as the loading control, taq (tubulin) was used to determine DNA contamination. (D) Extracted lipids from TbPIPKA-depleted (+Dox) PCF cells were analyzed by HPLC and the PIP 2 :PIP peak area ratio was plotted. Three independent experiments, values are mean6s.e.m.
PI(4,5)P 2 localizes to the flagellar pocket
Having determined the location of TbPIPKA, we next established the subcellular distribution of its product PI(4,5)P 2 . The PH domain of PLCd binds specifically, and with high affinity, to PI(4,5)P 2 (Lemmon et al., 1995) and a fusion protein of green fluorescent protein with the PH domain of PLCd (PH PLCd ) has been successfully used to detect PI(4,5)P 2 in living mammalian cells (Stauffer et al., 1998; Várnai and Balla, 1998 ) domain fused to GFP has been shown to bind with even higher affinity to this phosphoinositide (Levine and Munro, 2002) . Therefore, a YFP-2xPH
PLCd fusion protein was stably expressed from the constitutively active PARP promoter in PCF cells. PLCd localized predominantly to a ring-like structure in living cells (Fig. 5A) , which was shown to be the flagellar pocket after fixation and co-labeling with rhodamineConA, a stain of the flagellar pocket. A YFP-2xPH
PLCd signal surrounded the rhodamine-ConA-labeling, suggesting that the majority of PI(4,5)P 2 in T. brucei is localized to the flagellar pocket membrane (Fig. 5B) . The increased cytoplasmic pool of YFP2xPH PLCd was probably an artifact of PFA fixation. This restricted localization to the flagellar pocket membrane was a surprising observation because, in all other studies, PI(4,5)P 2 has been found throughout the plasma membrane (Di Paolo and De Camilli, 2006; Levine and Munro, 2002) . It was, therefore, important to confirm the localization at the ultrastructural level; hence, control cells and cells expressing PLCd were subjected to labeling with immunogold (using an antibody against GFP). In sections of control cells, no gold particles above the background level were detected. By contrast, cells that stably expressed YFP-2xPH PLCd displayed strong labeling of the flagellar pocket membrane with very few, if any, gold particles that were at the plasma membrane and exposed to the surrounding medium.
Similar experiments were carried out using BSF cells that stably expressed PLCd . However, these were not viable and an inducible version of the same cells yielded only low levels of YFP-2xPH PLC , too low for detection by fluorescence microscopy.
Interestingly, whereas PI(4,5)P2 localized to the flagellar pocket, the kinase appeared in a punctate structure close to the flagellar pocket. Double-label experiments were used to confirm PLCd from the PARP promoter, labeled after fixation by using an antibody against HA. Note that TbPIPKA is anterior to the YFP-2xPH
PLCd -labeled pocket. Nuclear and kinetoplast DNA was labeled with DAPI (blue). Scale bars: 5 mm (A,B,D) ; 500 nm (C).
this, using a cell line that not only stably expressed YFP2xPH
PLCd but also an endogenous replacement of TbPIPKA with a hemagglutinin tag (HA-TbPIPKA). As before, the majority of PI(4,5)P 2 was found at the flagellar pocket, and the location of HA-TbPIPKA resembled that previously observed using YFP-TbPIPKA (compare Fig. 4B and Fig. 5D ). Furthermore, the kinase did not colocalize with YFP-2xPH PLCd (Fig. 5D ). HA-TbPIPKA was consistently detected at the anterior neck region, close to the YFP-2xPH PLCd -labeled flagellar pocket. Ultrastructural localization of TbPIPKA using either the YFP or HA tag did not yield reproducible results, possibly caused by low expression levels.
Localization of YFP-2xPH
PLCd to the flagellar pocket depends on TbPIPKA
Because TbPIPKA and PI(4,5)P 2 did not colocalize, the requirement of TbPIPKA to localize PLCd to the flagellar pocket was investigated. Procyclic TbPIPKA-RNAi cells, which had been stably transfected with YFP-2xPH PLCd , were depleted of TbPIPKA for 3 days and then processed for labeling with immunogold using antibodies against GFP, followed by 10-nm gold (coupled to goat anti-rabbit-IgG antibodies). Induction of RNAi against TbPIPKA resulted in decreased labeling of the flagellar pocket membrane (Fig. 6A,B) . The number of gold particles per flagellar pocket from 73 control and 73 RNAi cells was counted. The median number decreased by 78% from 9 to 2 gold particles upon depletion of TbPIPKA (Fig. 6C) . By contrast, the circumference of the flagellar pocket profiles in TbPIPKA-depleted cells increased both visually (Fig. 6A,B ) and quantifiably (a 14% increase from 3.0 mm to 3.4 mm, Fig. 6D ) -the distribution of the circumference profiles from the median was much broader than controls. This probably reflects the variation in the efficiency of RNAi from cell to cell. When both data sets were combined, the labeling density (Fig. 6E ) was found to decrease further, by 81% (from 26 to 5.5 gold particles per mm).
Depletion of TbPIPKA enlarges the flagellar pocket volume in PCF and BSF cells Because TbPIPKA RNAi caused an increase in the median circumference of the flagellar pocket profiles, this suggested that there was a concomitant increase in the volume of the flagellar pocket. To test this, three-dimensional images of the flagellar pocket were generated using serial block-face scanning electron microscopy (serial block-face SEM, SBEM) (Denk and Horstmann, 2004) .
PCF cells were induced to express TbPIPKA RNAi for three days and then sectioned. Stacks of 300 slices, from control and TbPIPKA-depleted cells, were imaged. For each slice, the circumference of the flagellar pocket was outlined (Fig. 7A,B) using IMOD 3Dmod software. Forty-five flagellar pockets from control, and 57 flagellar pockets from induced TbPIPKA-RNAi, cells were modeled (Fig. 7C,D) . The enlarged volume of the flagellar pockets in TbPIPKA-depleted cells was clearly seen by visual inspection of the reconstructed stacks (Fig. 7B) . The calculated mean flagellar pocket volume increased approximately threefold from 1.5610 24 mm 3 in control cells to 5.3610 24 mm 3 in TbPIPKA-depleted cells (Fig. 7E) .
The flagellar pocket volume was also measured in BSF TbPIPKA-RNAi cells. Across a stack of 600 slices, 115 flagellar pockets from control cells were modeled (Fig. 7F,H) . Three stacks of 600, 300 and 200 slices were analyzed to quantify a total of 158 flagellar pockets from TbPIPKA-depleted cells (Fig. 7G,I ; only one stack is shown). As observed in PCF cells, BSF cells showed an approximately threefold increase in the mean flagellar pocket volume (from 4.5610 24 mm 3 to 13610 24 mm 3 ). However, this threefold increase included a number of outliers (nine cells; 6% of the total) that had extremely large flagellar pockets (.1.5610 23 mm 3 ; data not shown). When these nine cells were removed from the quantification to allow statistical testing, the mean value of the flagellar pocket volume of TbPIPKA-depleted cells decreased to 5.8610 24 mm 3 , representing a 29% increase (Fig. 7J) .
These data show that depletion of TbPIPKA in PCF and BSF cells caused an increase in flagellar pocket size. As seen in cryosections, it was noticeable that, under control conditions, the measured flagellar pocket volumes were narrowly distributed around the median, whereas, in TbPIPKA-depleted cells (Fig. 7E,J) , the measured flagellar pocket volumes were more broadly scattered, suggesting that this reflects variations in the RNAi efficiency in each cell.
TbPIPKA depletion causes defects in endocytosis but not export in BSF cells
Because the flagellar pocket is the sole site of endo-and exocytosis in T. brucei, an increase in flagellar pocket volume could be explained by an imbalance between these two processes. If the rate of export increases, or endocytosis is inhibited [through depletion of PI(4,5)P 2 ], then the flagellar pocket should get bigger. This has been described previously in clathrin-RNAi cells as the big-eye phenotype, a consequence of decreased endocytosis (Allen et al., 2003) . To test this hypothesis, TbPIPKA was depleted using RNAi in BSF cells for 3 days, and the cells were assayed for endocytosis and export.
Because trypanosomes take up iron using transferrin and transferrin receptors (Steverding, 2000) , receptor-mediated endocytosis of transferrin that had been labelled with Alexa Fluor 633 (AF633) was analyzed by fluorescence-activated cell sorting (FACS), allowing quantification of a large number of cells. Depletion of TbPIPKA led to a 30% reduction in AF633-transferrin endocytosis (Fig. 8A) . Interestingly, inducible ectopic overexpression of Ty1-TbPIPKA did not change the rate of AF633-transferrin endocytosis (data not shown), suggesting that the endogenous levels of TbPIPKA [hence PI(4,5)P 2 ] are not limiting for endocytosis. To investigate the rate of export in BSF cells, VSG was used as a tool. VSG is a glycosylphosphatidylinositol (GPI)-anchored protein and the major secretory cargo in T. brucei (Grünfelder et al., 2002; Jackson et al., 1985) . VSG is assembled in the endoplasmic reticulum (ER), transported through the Golgi to the flagellar pocket membrane -either directly or through endosomes (Bangs et al., 1986; Bangs et al., 1985; Duszenko et al., 1988; Ferguson et al., 1986) . VSG at the cell surface is susceptible to cleavage by an endogenous phospholipase (GPI-PLC) after hypotonic cell lysis. Intracellular VSG is inaccessible and so is not cleaved.
BSF cells were depleted of TbPIPKA for 3 days, and newly synthesized proteins were pulse-labeled for up to 45 minutes using [ 35 S]methionine-cysteine. Surface and internal VSG were recovered using ConA-Sepharose beads. In control cells, the halftime of VSG secretion was ,8 minutes and this was not changed substantially upon depletion of TbPIPKA (Fig. 8B ). Taken together with the endocytic data, this suggests that the increase in the size of the flagellar pocket was caused by a decrease in the rate of endocytosis, not a change in the rate of export.
Here we have provided several lines of evidence showing that Tb927.10.1620 mediates PI(4,5)P 2 synthesis. Tb427.04.1620 shares a high level of sequence identity and similarity with known mammalian and yeast PIP kinases. Though annotated in the database as a type II PIP kinase, Tb927.10.1620 has a short amino acid stretch in the activation loop that is found in type I enzymes, suggesting that it is a PI4P 5-kinase (Doughman et al., 2003; Kunz et al., 2000) . Depletion of this enzyme led to a lower PIP 2 :PIP ratio, which would be expected to reflect the PI(4,5)P2:PI4P ratio, as these two phosphoinositides represent the most abundant PIP2 and PIP species. In agreement with this, depletion of Tb427.04.1620 resulted in the decreased recruitment of YFP-2xPH
PLCd , a PI(4,5)P 2 reporter, to the flagellar pocket membrane. Conversely, overexpression of Tb427.04.1620 resulted in increased amounts of PIP 2 and reduced levels of PIP. So far, we have not been able to show directly that this protein converts PI4P to PI(4,5)P 2 because expression in Escherichia coli leads to an insoluble product. Additionally, immune-precipitation from cell extracts did not yield a protein that was sufficiently active for enzymatic analysis. Hence, although our data strongly suggest that Tb427.04.1620 is a PI4P 5-kinase, further work is needed to confirm this. For this reason we have termed Tb427.04.1620 as TbPIPKA throughout the paper, the suffix 'A' denoting the fact that there are two other other putative PIP kinases in the trypanosome database.
TbPIPKA is essential for the growth of PCF and BSF cells. Because depletion of TbPIPKA was not accompanied by changes in the distribution of the different cell-cycle stages, this suggests alteration of a process (or processes) that is constitutively needed throughout the cell cycle. For example, a lack of PI(4,5)P 2 interfering with nutrient uptake, which is mediated by endocytosis in T. brucei. The fact that transferrin uptake in BSF cells was reduced by 30% upon depletion of TbPIPKA is consistent with this explanation. More puzzling is the evidence that depletion of TbPIPKA slows growth equally in both PCF and BSF cells, despite the much higher rate of endocytosis in BSF cells. The simplest explanation is that one, or both, of the two other putative PIP kinases that have been identified in trypanosomes are involved and can compensate for the loss of TbPIPKA to differing extents in the two parasite forms.
The inhibition of transferrin uptake in BSF cells was accompanied by an increase in the size of the flagellar pocket, most probably the consequence of an imbalance in membrane trafficking pathways. Export of VSG was not affected by depletion of TbPIPKA, suggesting that more membrane is added to the flagellar pocket than is removed by endocytosis, resulting in an increase in size. The source of this additional membrane could be either post-trans-Golgi-network vesicles or endosomes (Futter et al., 1995; Griffiths and Simons, 1986; Taguchi, 2013) . This increase in the size of the flagellar pocket upon depletion of TbPIPKA was much less pronounced than the so-called big-eye phenotype that has been described upon the inhibition of endocytosis by depletion of clathrin or actin (Allen et al., 2003; García-Salcedo et al., 2004) . This might also help to explain why there was no change in the distribution of the cellcycle stages after depletion of TbPIPKA, because the increase in the size of the flagellar pocket might be insufficient to disrupt processes, such as cytokinesis, that are severely affected in the bigeye phenotype.
The increase in the size of the flagellar pocket differed between PCF and BSF cells. For PCF cells, there was a threefold increase upon depletion of TbPIPKA; for BSF cells, the increase was 1.3-fold (excluding outliers). This did not correlate with the remaining levels of TbPIPKA, because PCF cells had more than BSF cells. PI(4,5)P 2 is a crucial requirement for endocytosis in all other organisms studied to date, suggesting that, here, either the knockdown was insufficient or that one, or both, of the other two putative kinases that were identified by the bioinformatics analysis might be able to compensate for the loss of TbPIPKA. Further work on these putative PIP kinases will be necessary to address this, and earlier, points.
It was surprising that TbPIPKA was not localized to the flagellar pocket, where the product PI(4,5)P 2 was found, instead, it localized adjacent and anterior to the neck region. TbPIPKA was always found at a spot adjacent to the flagellar pocket collar marker TbBILBO1 and exhibited the most prominent overlap with the hook-like staining of TbMORN1 (a component of the bilobe; Esson et al., 2012) . It does not, however, precisely overlap with any known morphological feature in this region. The resolution of light-microscopy is too low; therefore, further work using immuno-electron microscopy will be needed to draw any further conclusions. PI4P, which is the substrate for PI4P 5-kinases at the plasma membrane is generated by the enzyme Stt4 (in yeast) and PI4KIIIa (in mammals). There does not, however, appear to be an equivalent homologue in trypanosomes. The main pool of PI4P is present at the Golgi in T. brucei (our unpublished data; Levine and Munro, 2002) ; therefore, it is not in the immediate vicinity of the enzyme. Access could be achieved either by bringing the kinase to the substrate or the substrate to the kinase. Sac1, a phosphatase involved in PIP metabolism, can shuttle between the ER and the Golgi (Faulhammer et al., 2007) and also act at membrane contact sites between the ER and plasma membrane (Stefan et al., 2011) . Conceivably, a fraction of TbPIPKA could also be mobile. Alternatively, and perhaps more likely, PI4P could be delivered to the kinase at the neck of the flagellar pocket, possibly by vesicular transport. Post-Golgi (or endosomal) transport vesicles deliver their cargo to the flagellar pocket, but it is unknown whether delivery can occur anywhere on the flagellar pocket. Perhaps specialized domains exist, and transport vesicles containing PI4P can be preferentially delivered to the neck of the flagellar pocket where TbPIPKA is located. Because the exocyst marks the delivery site of post-Golgi vesicles from yeast to mammals (Guo et al., 1999; TerBush et al., 1996; Wang and Hsu, 2006) , it would be interesting to localize one or more of its subunits. If it is located at the neck, and below the collar, then it would be a simple matter for the product [PI(4,5)P 2 ] to reach the flagellar pocket and diffuse rapidly throughout the pocket. More surprising is the fact that PI(4,5)P 2 does not then exit the flagellar pocket and diffuse throughout the plasma membrane. This suggests the existence of a 'fence' that prevents phosphoinositide diffusion from the neck region to the rest of the plasma membrane. In all other organisms, this phosphoinositide is present throughout the plasma membrane -there are no domains in which it is enriched.
But what are the effectors of PI(4,5)P 2 at the flagellar pocket membrane in clathrin-mediated endocytosis in trypanosomes? The only clathrin adaptor described, to date, in trypanosomes that might have the ability to bind to phosphoinositides and has a role in endocytosis is the ENTH-domain-containing protein TbEpsinR (Gabernet-Castello et al., 2009) , which is thought to function as the homologue of both the epsin-family of proteins (clathrin adaptors that function at the plasma membrane) (De Camilli et al., 2002) and epsinR (a clathrin adaptor that functions in transport between the Golgi complex and endosomes) (Saint-Pol et al., 2004) . TbEpsinR localizes to the flagellar pocket and compartments along the early endocytic pathway. It is required for the endocytosis of GPI- anchored, as well as transmembrane, proteins and it interacts with clathrin, just as the mammalian epsins and epsinR do (Rosenthal et al., 1999; Wasiak et al., 2002) . Basic residues that participate in binding to PIPs are well conserved (Gabernet-Castello et al., 2009 ), but it remains to be determined whether TbEpsinR actually binds to phosphoinositides, especially PI(4,5)P 2 , as mammalian epsins do (Ford et al., 2002) . In this context, it is interesting to note that depletion of TbPI4KIIIb which generates PI4P, the substrate for phosphatidyl-inositol 5-kinases, causes enlargement of the flagellar pocket, consistent with an inhibition of endocytosis (GabernetCastello et al., 2009) . Furthermore, this depletion impairs the association of TbEpsinR with the flagellar pocket membrane, raising the possibility that TbEpsinR might bind to PI(4,5)P 2 . However, this is only a correlation, and further work needs to focus on the potential phosphoinositide-binding properties of TbEpsinR, as well as other orthologues that could be involved in the endocytic process in T. brucei.
MATERIALS AND METHODS

Cell lines
All experiments using procyclic T. brucei (PCF) were performed in 29-13 cells (Wirtz et al., 1999) provided by George Cross (Rockefeller University, NY). Cells were cultured at 27˚C in SDM-79 medium supplemented with 20% heat-inactivated Tet-system-approved fetal calf serum (Clontech), 6.5 mg/ml haemin, 15 mg/ml G418 and 50 mg/ml hygromycin. Experiments with bloodstream-form cells (BSF) were carried out using the MITat 1.2 single-marker line (Wirtz et al., 1999) . BSF cells were cultivated at 37˚C under 5% CO 2 in HMI-9 media supplemented with 10% heat-inactivated Tet-system-approved fetal calf serum and 2.5 mg/ml G418.
To generate a stable and inducible Ty1-TbPIPKA-expressing cell line, the Tb927.10.1620 open reading frame was cloned into the pLew100 vector using HindIII and BamHI. The sequence for the Ty1 tag was incorporated in the forward primer between the HindIII restriction site and the start of the open reading frame lacking the start codon. The vector was linearized with ClaI before transfection into 29-13 or MITat 1.2 single-marker cells.
In order to create a stable and inducible TbPIPKA-RNAi cell line, the nucleotides 610-1086 of Tb927.10.1620 were cloned into pZJM (Wang et al., 2000) using XbaI. The specific target sequence was chosen using the RNAit software in GeneDB (http://trypanofan.path.cam.ac.uk/ software/RNAit.html) (Redmond et al., 2003) . The vector was linearized with NotI and transfected into 29-13 cells. The same sequence was cloned using TA-overhangs into p2T7
TAblue (Alibu et al., 2005) before being linearized with NotI and transfected into the MITat 1.2 single-marker cell line.
The YFP-2xPH
PLCd -pXS2 construct is based on the pTL336 plasmid (Levine and Munro, 2002) . 2xPH
PLCd was cloned using BamHI and BglII into a pXSGFPM3FUS expression vector (Bangs et al., 1996; Marchetti et al., 2000) in which GFP was replaced by YFP. Before transfection, the plasmid was linearized by using NsiI.
One of the TbPIPKA alleles was endogenously replaced with either YFP-TbPIPKA or HA-TbPIPKA. Replacements were generated as previously described (Arhin et al., 2004) .
Stably transfected PCF cells were selected using 5 mg/ml phleomycin (pZJM, pLew100), 10 mg/ml blasticidin (pXS2, endogenous replacement) or 2 mg/ml puromycin (endogenous replacement). Clonal cell lines were obtained by serial dilution. BSF cells were stably transfected with an Amaxa Nucleofactor electroporator (program X-001) and human T cell solution (Lonza). Stable clones were selected by using 3 mg/ml blasticidin (endogenous replacement), 3 mg/ml phleomycin (pLew100) or 5 mg/ml hygromycin (p2T7 TAblue ).
Bioinformatics
The alignments were generated by first aligning the yeast ScMss4 protein sequence with the human HsPIPKIa (NP_003548) and HsPIPKIb (NP_003550) protein sequences using MAFFT (v6.833b; Katoh et al., 2005) with the linsi option. Second, the T. brucei sequences were added to the guide alignment, again by using MAFFT. The PI4P 5-kinase Pfam (Punta et al., 2012) TbPIPKA-RNAi cells (PCF) were seeded at a density of 10 6 cells/ml and cultured in the absence or presence of 5 mg/ml doxycycline at 27˚C. Cells were reseeded at 1610 6 cells/ml with fresh doxycycline every 48 hours. For BSF TbPIPKA-RNAi cells, parallel cultures were initially seeded with 10 5 cells/ml and 1 mg/ml doxycycline was added to one flask to induce the RNAi. Cells were reseeded at 10 5 cells/ml with fresh doxycycline every 48 hours. Cell numbers were quantified using a particle counter (Z2 Coulter Counter; Beckman Coulter) and particles of a size between 3 and 10 mm were counted.
Antibodies
The monoclonal antibody against Ty1 and the FAZ-specific L3B2 monoclonal antibody (Kohl et al., 1999) were generous gifts from Keith Gull (University of Oxford, Oxford, UK). The polyclonal antibody against Leishmania donovani centrin 4 was obtained from Hira Nakhasi (US Food and Drug Administration, MD). The polyclonal antibodies against GFP, TbMORN1 and TbBILBO1 have been described previously (Esson et al., 2012; Morriswood et al., 2013; Seedorf et al., 1999) . The monoclonal antibody against HA was purchased from Covance Research Products, and the monoclonal antibody against GFP from Roche.
HPLC analysis
Phosphatidylinositol phosphate analysis was performed using a method adapted from C. Nasuhoglu and colleagues, which allows identification of PIP 2 and PIP without radiolabeling (Nasuhoglu et al., 2002) . Anionic lipids were extracted from trypanosome pellets with 0.5 ml CHCl 3 :CH 4 O (1:1), 0.5 M HCl, 2 mM AlCl 3 . After homogenization, 0.4 ml CHCl 3 and 0.3 ml 1 M HCl were added. Samples were vigorously mixed and then centrifuged to separate the phases. The organic fraction containing the lipids was removed to a clean tube and dried under nitrogen gas. Lipids were deacetylated and the resuspended head groups were analyzed by HPLC using an anion exchange column and a conductivity detector.
Semi-quantitative RT-PCR
RNA was isolated using Trizol (Invitrogen) according to the manufacturer's instructions. Samples were subjected to reverse-transcriptase (RT)-PCR using the Qiagen OneStep RT-PCR Kit according to the manufacturer's protocol. A fragment of the TbPIPKA open reading frame was amplified by RT-PCR using the primers 59-CACGTCGCACTCCTACGGAG-39 and 59-GTGTGCTGTGCCAGCGGC-39 (1.5 mg RNA, 31 cycles); a b-tubulin fragment was amplified using the primers 59-ATGCGCGAAATCGT-CTGCG-39 and 59-GACACCTTGGGGGATGGGATGATG-39 (1.0 mg RNA, 25 cycles). To control for DNA contamination, the b-tubulin fragment was amplified using Taq-polymerase (1.0 mg RNA, 30 cycles).
Concanavalin A labeling
For PCF, 5610 6 cells were washed three times with PBS. Samples were always spun at 1000 g for 5 minutes at 4˚C. Cells were re-suspended in 1 ml of ice-cold 3% BSA in PBS containing 0.1 M methyl a-Dmannopyranoside, and 30 mg/ml tetramethylrhodamine-concanavalin-A (Molecular Probes) was added. The tube was put on an orbital mixer for 30 minutes at 4˚C in the dark. Subsequently, 1 ml of ice-cold 3% BSA in PBS containing 0.4 M methyl a-D-mannopyranoside was added, and the cells were incubated on an orbital shaker for 30 minutes at 4˚C. Then cells were spun, re-suspended in 1 ml of ice-cold 0.2 M Methyl a-Dmannopyranoside in 3% BSA in PBS and incubated on an orbital shaker for 20 minutes at 4˚C. Cells were washed three times with 0.2 M methyl a-D-mannopyranoside in 3% BSA in PBS and once with PBS.
Subsequently, cells were spun onto coverslips and fixed with 4% paraformaldehyde (PFA) for 30 minutes. Coverslips were either washed with PBS, mounted and directly analyzed by fluorescence microscopy or further processed for immunofluorescence microscopy.
Labeling of BSF was performed as previously described (Allen et al., 2003) with the exception that all incubations were carried out at 4˚C and cells were spun onto coverslips before fixation with ice-cold 4% PFA for 1 hour.
Immunofluorescence microscopy PCF cells were washed once with PBS, centrifuged onto a coverslip (1800 g, 1 minute) and fixed with ice-cold methanol (9 minutes, 220˚C). BSF cells were washed once with PBS and centrifuged onto poly-Llysine-coated coverslips (1000 g, 1 minute). Cells were first fixed for 2 minutes with 4% PFA and immediately afterwards with 220˚C cold methanol for another 4 minutes. PCF and BSF samples were rehydrated with PBS and subsequently blocked with 3% BSA in PBS for 45 minutes at room temperature.
Cells (PCF and BSF) that had been labeled with rhodamine-ConA and fixed with 4% PFA were subsequently permeabilized for 4 minutes with 0.25% Triton X-100 in PBS, washed three times with PBS and then blocked with 3% BSA in PBS for 45 minutes at room temperature.
All further steps, including antibody binding, washing steps and mounting have been described previously (Demmel et al., 2011) . Images were acquired by using an inverted microscope (Axio Observer Z1, Carl Zeiss MicroImaging Inc.) equipped with a PCO 1600 camera. Image processing was performed using ImageJ and Adobe Photoshop CS5 software (Adobe Systems, San Jose, CA).
Immuno-electron microscopy
Approximately 5610 8 PCF cells were prepared according Tokuyasu's method (Geuze et al., 1981; Liou et al., 1996) . Briefly, cells were fixed with 0.2% glutaraldehyde and 2% paraformaldehyde in phosphate buffer and embedded in 12% gelatin. After cryoprotection in 2.3 M sucrose, 70-nm thick sections were cut by using a Leica EM UC6 ultramicrotome equipped with a Leica EM FCS cryosetup. The YFP-tagged PH PLCd domain was labeled with an antibody against GFP (1:300) and followed by detection with an antibody against rabbit IgG coupled to 10-nm gold (BBInternational). Images were acquired using a Morgagni 268D electron microscope (FEI) fitted with a Morada CCD camera (Olympus-SIS). The gold label was counted manually and the flagellar pocket circumference was measured using ImageJ.
Serial block-face SEM PCF cells were prepared according to published protocols (Schwarz et al., 2000) . Preparation of BSF cells followed a protocol modified from Deerinck and colleagues (http://ncmir.ucsd.edu/sbfsem-protocol.pdf). SBEM measurements (Denk and Horstmann, 2004) were performed by using a FEI ESEM Quanta 600 FEG (FEI, Eindhoven, The Netherlands) and a prototype in situ ultramicrotome from Gatan (Pleasanton, CA). The energy of the primary electrons was 4 keV using backscattered electrons for imaging in the low vacuum mode of the environmental scanning electron microscope (ESEM). Low vacuum was established by water vapour at a pressure of about 120 Pa. Sample blocks were cut into small cuboids of about 0.560.560.5 mm 3 and fixed on special rivets (Zankel et al., 2009) . A slice thickness of 80 nm and a pixel resolution of 102461024 at an image width of 25 mm resulted in a voxel size of 25625680 nm 3 . Flagellar pockets were outlined as in Fig. 7A,B ,F,G and, additionally, closed at the flagellar pocket necks. The volumes of these closed objects were calculated in IMOD 3Dmod software (Kremer et al., 1996) . Data were transferred to Microsoft Excel and SPSS for statistical evaluation.
Statistical analysis of electron-microscopy images
Statistical analyses were performed by using Welch's T-Test. Graphs were plotted with the SPSS Statistics package (IBM, version 21) and shown as an overlay of 2D dot plots and box plots from the same datasets.
Transferrin-uptake assay
Receptor-mediated endocytosis of AF633-transferrin was performed as described previously (Gabernet-Castello et al., 2009) . A total of 50,000-60,000 cells was analyzed and fluorescence was measured using the FACSCalibur instrument (BD Biosciences). Data were analyzed by using the FlowJo software.
VSG export assay
Export of VSG was followed as described previously (Allen et al., 2003) with some modifications. After three days of RNAi, BSF cells were maintained for 15 minutes in cysteine-methionine-free medium, pulselabeled with [ S protein labeling mix; Perkin Elmer) for 2 minutes and then samples were taken at the indicated chase times. Surface VSG was released using the activity of the endogenous GPI-PLC; the intracellular pool of VSG was solubilized using cell lysis. VSG was then precipitated using 25 ml of a 50% ConASepharose-4B bead slurry (GE Healthcare). After retrieval of VSG and subsequent washes, beads were re-suspended in 50 ml 26SDS-loading buffer. Proteins were fractionated using SDS-PAGE in 10% gels and the dried gel was exposed to an imaging plate (Raytest). Imaging plates were scanned using a Typhoon 8600 variable scanner (Molecular Dynamics) and the amounts of VSG quantified using ImageJ software.
